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: The expected capabilities of the EISCAT incoherent scatter radar facility in
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I. Introduction

This report is a study of what we might expect to find out about F-region

electron density irregularities using the EISCAT incoherent scatter radar.

Some initial observations are included.

A great deal is already known about F-region irregularities from ground-

based radio wave observations (scintillation studies) and from in situ

measurements made by satellites and rockets. These have provided statistical

information on geographic, time of day, seasonal and magnetic activity

dependence of irregularity occurrence (summarized in Table 1), on their scale

size distribution (a typical example is shown in Fig. 1), and some studies of

field alignment and shape have been made (Fremouw and Lansinger, 1981).

Measurements using radio waves are however indirect, depending on diffraction

of the waves by the irregularity pattern. In general effects may have occurred

anywhere along the wave path so the height of scintillation producing

irregularities,in particular, is hard to measure. Satellites and rockets

measure only along a fixed path so space and time variations cannot be separated.

An incoherent scatter radar can measure electron density directly for long

periods of time, at several heights simultaneously and at several geographic

locations successively and so should be able to provide direct measurements of

heights, shapes, sizes, alignments, lifetimes and drifts as well as adding more

statistical information on irregularity occurrence. Such information would be

invaluable in evalutating the various theories on how irregularities are formed

(Fejer and Kelley, 1980).

The major restrictions in using incoherent scatter data for this purpose

are the spatial resolution and measurement accuracy. These are determined by

the details of the radar facility - beam width and power in particular - and

in the case of EISCAT will probably restrict spatial resolution to about 5 km

irregularity scale size at 300 km altitude. This is not too severe a
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restriction given that the smaller scale scintillation producing irregularities

are probably generated by the same mechanism, or a closely related one, as the

larger irregularities.

2. The EISCAT Incoherent Scatter Radar

Relevant details of the EISCAT hardware are listed in Table 2. The

system transmits according to some predetermined pulse scheme and pointing

sequence from Tromso and records the scattered signal at Tromso,-Kiruna

and Sodankyla. The scattered wave contains information on electron density,

temperature and drift and on ion temperature. The remote sites are generally

used to determine .3-D drifts, the Tromso receiver being used for the other

meas urements.

We are primarily interested in electron densities and the accuracy with

which these can be measured depends mainly on the range (distance from

transmitter to scattering region), the ambient electron density, the transmitted

power, the pulse scheme and the integration time for each measurement. Some

typical resolutionsare shown in Figure 2, where the pulse scheme is close to

those in regular use at EISCAT.

The range resolution is limited by the pulse length and is typically

40-80 km for the pulse schemes currently in use for F-region measurements, the

pulse length being chosen to give an adequate power return. This resolution

could be greatly improved by pulse coding but this has not yet been implemented

at EISCAT.

The lateral resolution (perpendicular to the beam) is limited in the first

instance by the beam width : 3 km at 300 km range, 6 km at 600 km range. If

a pattern of irregularities drifts through the beam the effective lateral

resolution will increase in proportion to the integration time. Since plasma,

and consequently irregularity, drifts are expected to be high (Fig. 3) this has

a significant effect, as illustrated in Figure 4, for integration times likely

Lp
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to be used. If the antennae are used to scan (in practice a series of

measurements at pre-determined positions) the resolution is further reduced

according to the spacing between measurements and the distance the

irregularities drift between measurements (Nyquist theorem). Figure 5 shows

resolution for various scanning schemes designed to achieve the best possible

spatial resolution, given the practical restriction of the system.

Three types of irregularity measurement will be possible:

2-0 measurements

If the Tromso antenna points in a fixed direction we will be able to

derive statistical information on the time and height variations of

irregularity amplitudes and occurrence. Spatial resolution will be limited

primarily by integration time, beam-width and drift (Fig. 4).

3-D measurements

If measurements are made at a series of positions (e.g. latitude or

longitude scan), for several integration periods at each position we will be

able to derive the same information as in the 2-D case and any statistical

variation with position in addition. Resolution is the same as in the 2-D

case.

4-D measurements

If we use rapid latitude and longitude scanning with closely spaced

measurements, one integration period at each point, we should get a complete

4-D picture at least over a small range of latitude and longitude. The

resolution now depends also on measurement spacinq and antenna move time and,

as short integration times will be needed for rapid acinning and smaller scale

size irregularities have smaller amplitudes (Fig. 1), will be much more

sensitive to the ambient electron density (Fig. 5).

These three types of measurement will be catered for by EISCAT "Common

Programs" (2-D, 3-D) and by purpose designed "Special Programs" (4-D).
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3. EISCAT Common Programs

These are likely to be similar to the programs outlined below. Common

programs are run at times decided at EISCAT HQ, generally during one 24 hour

period each week, on a Wednesday. Common programs were run between August

and December 1981 with the transmitter at 500 kW and restarted in March 1982

at 2 MW.

CPO

Tromso antenna along field line, remote sites looking at 300 km altitude

pulses 60 us, 360 us

short pulse for 100-175 km range, long pulse for 135-750 km

run on 5 occasions, autumn 1982.

CP1

Tromso antenna along field line, remote sites looking at several

heights in sequence in the range 95-250 km

pulses 5 x 16 us, spacing 32 us, 128 us, 640 us

short pulses for E, Fl regions, medium pulses for F, topside,

long pulses for high topside

not yet implemented - simplified form using single 500 us

pulse run on 7 occasions, autumn 1981.

CP2

Tromso antenna pointing at 3 points in sequence

69.2 N, 19.2 E; 68.4 N, 19.2 E; 68.4 N, 21.1 E at 300 km altitude

pulses 60 us, 360 us

cycle time 6 minutes

run on 2 occasions, autumn 1981.

CP3

latitude scan

initially implemented as CP-3 looking at 11 positions covering 50 latitude

pulses 60 us, 320 us

cycle time 20 mins
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run on 3 occasions, simplified form using 3 positions run on 3 occasions,

autumn 1981

Integration times are unpredictable, being chosen to give adequate returns

according to conditionsprevailing at the time.

4. F-region Irregularity Special Program

4.1. As conceived

A detailed proposal for a rapid scan program was submitted to EISCAT

in September 1981 (Appendix I). This proposed

- a scan N by 100 km at 300 km altitude, with measurements every 1 or 2 kin,

followed by scanning back S, to the starting position.

- a period with the beam stationary and vertical.

Calculation had indicated that we should be able to resolve down to 5 km

irregularity scale-size so long as the ambient electron density was fairly

high (> 3 x lOll m-3) and the drift low (Fig. 5a, b). The experiment called

for 100 us pulse length, 1000s pulse repetition rate, 2-3sintegration and

allowed 0.5 s to move the antenna between positions.

4.2. As implemented

After discussions with EISCAT staff and the UK EISCAT group at the

Rutherford and Appleton laboratories the scheme was slightly modified. System

constraints meant that a 4s integration was the shortest achievable, 4s had

to be allowed to move the antennaas their response is delayed and a 250 us

pulse had to be used since the system power was then only 500 kW and only 2 out

of the proposed 8 frequencies were available, thus restricting the effective

pulse repetition rate. In order to avoid a degradation of lateral resolution

at the extremes of the scan and to avoid going through zenith, the scan

sequence was changed to a cross pattern centered on the Tromso field line. To

allow rapid repetition of scans, the sequence was changed to:

- a period of measurements with the Tromso beam stationary and looking up the

field line (azimuth 179.8, elevation 76.51)



-6-

- an elevation scan N by 100 km at 300 km altitude, with measurements every I

2 km, starting 50 km S of the field line (azimuth 179.8, elevation 67.07)

and ending 50 km N of the field line (azimuth 179.8, elevation 86.07),

followed by a scan back S, back N and back S.

- a second period of measurements with the Tromso beam stationary and looking

up the field line.

- an azimuth scan W by 100 km at 300 km altitude, with measurements every

2 km, starting 50 km E of the field line (azimuth 170.3, elevation 76.51)

and ending 50 km W of the field line (azimuth 189.30, elevation 76.51)

followed by a scan back E, back W, and back E.

The predicted resolution with this scheme is shown in Figure 5d (where

only single frequency operation has been assumed, as problems have occured

using 2 frequencies), with 5c representing what should be achieved with the

same scheme once power is increased to 2MW and 2 frequency operation is logged

successfully.

As can be seen from Figure 5, the greatest restriction to the resolution

is the drift and since this is likely to be low during the day or near midnight

(Fig. 3) but irregularities are more likely to occur over Tromso at night

(Table 1), it was proposed that the experiment be run, at least initially,

near midnight. We would hope to see, at best, individual irregularities,

displaced on consecutive scans so that their variation with height, scale-sizes

and drift could be seen. If drift were too high, we should get an irregularity

spectrum displaced in frequency for scans in opposite directions and for the

stationary measurements. This could again lead to measurements of drift,

scale-size distribution and height variation. Tristatic measurements of

plasma drift at 300 km would be included for comparison.

This program was implemented at EISCAT by T. Van Eyken (UK EISCAT group,

RAL) and two hours of reasonable data were collected, as described below.
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However, because of the low system power and consequent requirement for a

high ambient electron density the program was run in late afternoon and

appears not to have detected any significant irregularity! (The local K index

was 2, and irregularities are present about 10% of the time in such conditions;

Clark and Raitt, 1976). It will be run again after revision of the radar

controller programs to improve the data logging, as soon as possible. It is

also planned, once irregularities have been measured successfully overhead at

Tromso, to look at the sub-auroral zone (approx. overhead Kiruna) and the

polar zone > 700 N, but pulse coding will probably be required before reasonable

resolution can be attained with the low elevations required.

5. Data Analysis and Initial Results

5.1. Methods of analysis

The raw data of the EISCAT system are autocorrelation functions which are

the Fourier transform of the signal power spectrum, after scattering by

ionospheric electrons, convolved with system gating functions and added to

noise. Extracting useful data from these"acfs"- electron densities, temperatures

and drift velocities and ion temperatures - requires sophisticated analysis,and

software packages to do the reduction are being developed by EISCAT staff and

by the U.K. EISCAT group at RAL and reduced data should be available routinely,

but as this will probably be at a lower time resolution than the original

measurements we will need to access the raw data and process it specially. So

far, only electron densities (uncorrected for temperature) can be derived

routinely and directly. Even these are not very accurate in absolute terms,

the system being uncalibrated so that ionosonde measurements have to be used

for scaling.

Data can be accessed by requesting copies of tapes from EISCAT HQ and

reading from these tapes using utilities largely provided by RAL, further

analysis currently being done using programs written at Lancaster University

(Table 3). Uncorrectoe electron densities can be derived simply by subtracting

background . 9 f n the scattered signal-plus-noise power returned from a
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particular range interval (the zero-lag acf in the corresponding time interval),

correcting for the range (multiplication by range squared) and multiplying by

a suitable scale factor chosen to give an F-peak electron density corresponding

to that measured by an ionosonde.

The receiver noise is determined by measuring the power in the receiver

after all scattered signal is presumed to have returned (in practice the

return from > 1500 km is assumed to be negligible).

Electron densities derived in this way are illustrated in Figures 6 and

10, for the rapid scanning Special Program run on 17 December 1981 and for a

Common Program run on 20 August 1981, respectively. In order to examine

variations in electron density, we further process the data by taking the

percentage variation about a best fit straight line for the time series of

electron densities at each range. Plots showing irregularities derived in

this way are illustrated in Figures 7 and 12. In both figures the shortest

period variations have been filtered out as they are not likely to include

useful information and may mask the longer period variations. The longest

period variations have also been filtered out in Figure 12 as they are

considered not to be "irregularities" (they comprise daily variations, gravity

waves etc.) Irregularity power spectra for the two sets of data are given

in Figures 9 and 13.

5.2 Significance of results

Next we must consider what these apparent variations represent. The

measured electron density will always appear irregular, to a certain extent,

because of the statistical uncertainty in each measurement. The predicted

statistical uncertainties (the white noise in the spectra) for the ambient

conditions and the appropriate pulse schemes are shown in Figures 6 and 11.

The corresponding power levels are marked on the spectra and the consequent

maximum irregularity sizes (4 x the uncertainty, peak-to-peak) are shown as
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bars opposite the ends of the irregularity plots for corresponding ranges.

In the case of the 17 December data it is clear that most of the

apparent variation in electron density is close to the expected noise level.

On the 20 August, however, the predicted noise levels are lower and there

seem to be significant variations with amplitudes well above the noise level,

particularly at lower altitudes (Fig. 12). The irregularities are apparently

field-aligned, occurring over several ranges simultaneously. However, this is

also what we would expect to see if the transmitted power fluctuated. This

data was collected soon after EISCAT started working for the first time and

there were several obvious power drop-outs, which were deleted from the data

before processing. Since there is as yet no monitor of transmitted power it

is impossible to tell whether any individual irregularity is real or simply

a power fluctuation. We shall simply note that there may be real irregularities

present, decreasing in amplitude with decreasing period (i.e. scale size if

we assume some drift.)

The 17 December 1981 data requires more consideration. Although the

variations in Figure 7 are close to the predicted noise level they do not

appear random but occur simultaneously for all ranges, particularly towards

the end of the second scanning sequence. This is in fact a result of the

analysis - the noise value subtracted at each point is an instantaneous

measurement and fluctuates considerably from one measurement to the next. When

the signal to signal-plus-noise ratio is close to 1, as here, a peak in the

noise, for example, results in an apparent dip in the electron density at all

ranges. Since we are looking for true field alignment, this effect is

distracting so the data has been reprocessed using a uniform noise measurement

for all the data (Fig. 8). A disadvantage to this technique is that it makes no

allowance for genuine variations in background noise. This is illustrated by

the peak apparent on repeated scans and at all ranges in the second frame of

Figure 8. Its negligible rate of drift makes it likely that this is a radio-star
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and in fact the position and time are appropriate for Cassiopeia A.

Evidently some more sophisticated method of deriving a smoothed estimate

of background noise variations will have to be developed before any small

features can be identified as true electron density variations.

Conclusions

The EISCAT system will evidently be capable of making meaningful

measurements of the larger F-region electron density irregularities

(> 5 km scale size). The noise levels are close to those expected, and

fairly rapid scanning and data logging have been achieved. Until recently,

due to administrative problems, very little data was generally accessible.

That has now changed, so that several complete 24 hour periods of recording

of common program data are now available and should provide good statistical

information on irregularity occurrence. Use of the rapid scanning program,

in suitable conditions, i.e. reasonably high magnetic activity, low drifts,

should give direct measurements of irregularity shapes and sizes, now that

the system is working at full power.
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Fig. 1. Power spectra of electron density variations recorded by ISIS-1

during a pass over the southern polar region at altitudes 590-1600 km.

Passes over the N pole show spectra of similar shape (after Phelps

and Sagalyn, 1976).

Fig. 2. Representative model electron density profiles and corresponding

predicted uncertainties in electron density determination using

EISCAT. Assumes integration times of 60s and 8s which are among

those used in the EISCAT Common Programs, pulse length 320 ps, pulse

repetition rate 100 Hz, transmitter power 2 4W, noise 30 K.

Calculations by EISCAT planning program (author P. Williams).

Fig. 3. Predicted distribution of horizontal F-region plasma drifts for

different magnetospheric field models (after Sojka et al., 1979).

Fig. 4. Irregularity scale size resolution for measurements with EISCAT

beam in a fixed direction, as a function of irregularity drift

speed and measurement integration time T. b is the beam width at

300 km range. It is assumed that the accuracy of relative electron

density determination is arbitrarily high.

Fig. 5. Irregularity scale-size resolution using EISCAT, as a function of

irregularity drift speed, for a rapid latitude or longitude scan.

Solid lines represent the restriction due to effective measurement

spacing which is the true spacing plus the distance drifted between

consecutive measurements; + is for scanning in the same sense as

the drift, - against the drift. Dashed lines are restrictions due

to the accuracy of relative electron density determination, smaller

scale-size irregularities having smaller amplitudes (assuming

AN/N (at 50 kin) = 10%), for 4 different ambient electron densities

1 .3 x 1012, 2 .1 x 1012, 3 .3 x 1O11, 4 .1 x l0ll. Long-dashed
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lines are the limits for individual irregularities, short-dashed

lines are for continuous wave-like irregularities to be resolvable

in a spectrum. The dotted line b is the beam width. All figures

relate to 300 km altitude/range.

a) assumes peak power 2 MW, pulse length 100 us, pulse repetition

rate 1000 Hz, noise 30 K, 2s integration, 2s antenna move time.

This represents the best possible resolution likely to be achievable

at high drift speeds.

b) as a) but 4s integration to give better results at low drift

speeds.

c) as b) but 4s antenna move time, pulse length 250 us, pulse

repetition rate 250 Hz, noise 300 k. Likely to be the best achievable

in the immediate future (Spring 1982).

d) as c) but pulse repetition rate 125 us, peak power 500 kW.

Represents likely resolution of Special Program run in December 1981

Fig. 6. 17 December 1981 : electron density profiles derived from EISCAT

measurements, with ionosonde calibration at 1500, 1600 and 1700 UT

and associated predicted accuracy of relative electron density

determinations (integration time 4s, pulse length 250 us, pulse

repetition rate 125 Hz, power 500 kW, noise 300 k).

Fig. 7. 17 December 1981 : variations in apparent electron density for two

sequences of 4 latitude scans between the elevations shown, at an

azimuth of 179.8 deg. There are 4 ranges represented : 262.5,300.0,

337.5,375.0 km. Times marked are for the middle of each scan, each [
scan taking 400s. The small bars opposite the plots for 300.0 and

375.0 km ranges represent the maximum predicted size of noise

variations. Data reduced using instantaneous measurements of noise

and filtered to reduce short wavelengths.

Iil11 I l III liD
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Fig. 8. As Fig. 7. but data reduced using uniform noise level (see text).

Fig. 9. 17 December 1981 : irregularity power spectra for 1500-1600 and

1600-1700, UT. Dashed line is the predicted statistical "noise"

level.

Fig. 10. 20 August 1981 : contours of electron density determined from

EISCAT measurements, calibrated by ionosonde. Pulse scheme as for

CP-1 (see text): beam along field-line, 500 vis pulse length, pulse

repetition rate 100 Hz, system power 500 kW, integration time 60s.

Fig. 11. 20 August 1981 : representative predictions of accuracy in relative

electron density determination corresponding to 1800 hours in

Fig. 10.

Fig. 12. 20 August 1981 : apparent irregularities in electron density at times

and ranges shown. Data filtered with 8-32 min passband. Bars at

right hand side show predicted maximum size of noise "irregularities".

Fig. 13. 20 August 1981 : irregularity spectra for 1730-2130, UT. Dashed line

represents predicted level of statistical "noise".
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September 1981.

Related to EP 103.

Study of high-latitude F-region irregularities using EISCAT

Definition of first experiment

S.C. Kirkwood and J.K. Hargreaves

Environmental Sciences Dept.,

University of Lancaster.

Abstract

This note considers the sensitivity of the EISCAT UEF radar to

small-scale F-region irregularities and specifies observations for

the initial experiment.

i, " ' L . . . . ... . .. . .. " . . .. . .. .. . . " -
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Introduction

Irregularities in electron density in the high-latitude F-region

have been much studied primarily because of their effects on radio

communication (scintillation) but also because a knowledge of their form

and distribution provides an insight into the dynamics of the polar

ionosphere and magnetosphere.

Studies using ground based radio-wave observations and in situ

satellite and rocket measurements have given a good indication of the

geographical, time, seasonal and magnetic activity dependence of these

irregularities and of their size distribution but the picture is not yet

complete and no theory of their formation is generally accepted. Ground

based observations detect only an effect integrated over the whole wave-path

so that height distribution remains uncertain and the lateral distribution

can only be modelled from its diffracting effects. Satellites and rockets

take measurements only along a line so that time and space variations

cannot be separated. We show here that EISCAT should provide the capability

to measure electron density directly, with good enough time and space

resolution to map the sizes, shapes and drift speeds of at least the larger

scale irregularities (> \ 5 km scale size), in favourable circumstances.

The most important information already available about the high

latitude irregularity zone is su-marized in Table 1. Dayside irregularities

in the 65-75° invariant latitude range should be the easiest to observe

with EISCAT as they are generally the strongest, particularly in terms of

absolute AN. It is hoped that the sub-auroral zone irregularities will also

be resolvable as here there is particular interest in the drift pattern as

an indication of whether irregularities have migrated from the auroral oval

or have been formed in situ. High latitude F-region ion drift velocities

are shown in Figure 1. These refer to plasma convection, which is not

necessarily the same as irregularity drift. However, as only a few



observations of irregularity drift have been made, giving the same sort

of velocities, Figure 1 will be used in planning measurements, as the

drift may severely limit the possible resolution, and is outlined below.

Experimental Considerations

The amplitude of the irregularities seems generally to follow a

power law relation to scale size, the largest scale sizes having the

largest amplitudes. For example an (average) (AN/N)RM S of 10% corresponds

to 2 20% for 100 km scale size, 10% for 50 km scale size and only 0.2%N

for 1 km scale size. Therefore the largest irregularities will be the

easiest to resolve. If we aim to look at irregularities by a latitude or

longitude scan then each measurement must be accurate enough that the

uncertainty in the value of electron density (6N/N) is less than the

relative irregularity amplitude (AN/N) which we want to measure, i.e. the

measurement integration time (T) increase as the scale size (wavelength)

we want to detect (d) becomes smaller. In fact T = c/d2 , where c depends

on signal/noise ratio (which depends on the state of the ionosphere and

the EISCAT parameters) and the irregularity amplitudes (see Appendix).

If the irregularities do not drift and T is long enough, then the

spatial resolution in a scan is the EISCAT beam-width or twice the distance

between measurements, whichever is larger. However, if the irregularities

drift while a measurement is being made then the resolution d is theres

largest of b, vT, and 2(Ax - vAt), where Ax is the distance between

measurements, b the beam width, v the drift velocity in the x direction,

T integration time, At the time between the starts of successive measure-

ments. It is assumed that the beam is stationary during each measurement.

Obviously, when there is drift (which will usually be the case) T

has to be chosen as a compromise between spatial resolution (small T, At)

and the detection of small-scale, weak irregularities (T large). Tables
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showing the minimum scale size we can hope to resolve (both spatially

and in amplitude) and corresponding integration times for likely

ionospheric conditions are shown in Tables 2-3. Drift velocities

oppositely directed to the beam scanning direction are assumed, as this

represents the worst case and will always be so on one of a pair of

forward and back scans. The EISCAT UHF beam-width is 0.60. Ranges and

signal/signal-plus-noise ratios are calculated by EISCAT planning

program (P. Williams, T. van Eyken). In Table 3 pulse compression has

been assumed - without this the effective beam-width (and scale length

resolution) in the N-S direction would be '\, 12 km (due to obliquity).

If we want to look directly at the sizes and drift speeds of

individual features then they must be visible on at least two successive

scans. Points to the right of the solid line in Tables 2a and 3a fall

into this category. In order to look at irregularities in this way we

will therefore have to select a time with high ionospheric electron

density and low drift speed, or accept a scale-size resolution limit of

'20 km.

If the irregularities are wave-like, i.e. if there are no sharp

edges or large individual features, then their spectrum may not vary from

place to place and we can study them statistically by looking at the scale

size spectrum on several latitude and longitude scans. The minimum scale

sizes which we can hope to resolve in this case are shown in Tables 2b

and 3b. In the I-D case the drift velocity can be derived simply from

the shift in the spectrum for scans in opposite directions. In practice

we will have to make assumptions about irregularity shape or use other

independent information to derive 2-D drift velocities from the irregularity

spectrum. In this case the scale size resolution is much less limited by

high drift speeds even for more moderate ionospheric electron density so



that we might resolve down to 5 km even with drift speeds approaching

1 km/s.

Proposed Experiment

To select the most favourable time for an experiment (i.e. high

electron density, low drift speeds, reasonable level of irregularity

amplitudes) we note that scintillation studies have shown that irregular-

ities occur most frequently if there is at least moderate magnetic

activity, and,at least near 700 N, irregularities are likely to be

stronger in winter. The drift speed will probably be lowest near noon or

near midnight (Figure 1), but common programme ion drift measurements by

EISCAT will be needed to confirm the pattern as previous measurements

have been at North American longitudes, and longitude/U.T. dependence is

expected. Electron density in the high latitude zone is largely xmknown

and here EISCAT's own measurements will be most important.

12If electron densities , 4 x 10 are common then we can look directly

at individual irregularities. A suggested sequence of measurements for

the auroral zone is shown in Table 4 - this involves scans northward and

back, eastward and back, starting from a point at 66.50N (invariant) on the

Tromso magnetic meridian near midnight and near noon. The scans are about

100 km long at 325 km altitude, measurements being made every 2 km. An

experiment would consist of a scan north and back, and east and back

(taking nearly 10 minutes), followed by 5-minutes observation with the beam

fixed at the starting point. The whole sequence would be repeated 4 times,

giving an experiment duration of 1 hour. Note that 0.3 secs have been

allowed in Table 4 to move the antennas from one position to the next.

An increase in this time to about 2 secs could be tolerated provided the

ionospheric drift velocity is less than 0.2 m/s, with less than 1 km

..1 .. .. .... .... ... .. ..... ...... .. . ... ........ _.. . ........... _,_,_ _ __... .. ..... . I_ _ __II Ill_ _-- I _III lII
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increase in the scale-size resolution. In later experiments similar

sequences of measurements would be made starting near 63 ON and 70°N on

the TromsO meridian.

If electron densities are generally too low for the direct model,

then shorter integration times, at closer spacing, would be more

appropriate with statistical analysis of the irregularity spectrum. A

suggested sequence is given in Table 5. Including 5-minute periods with

the beam fixed, this experiment would take 75 minutes. Again an increase

in the time taken to move between positions to about 2 secs could be

tolerated, even at moderate drift speeds (up to 0.4 km/s) with the scale

size resolution increasing to 5 km.

If possible, all scans should be accompanied by tristatic plasma

drift measurements.

,,......,.....,,., .. , .. ,.,ii i
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Appendix

Calculation of minimum resolvable scale size

a) The uncertainty in a measurement of electron density made by an incoherent

scatter radar is given by

6N = SPs = Ps + Pn
N Ps *( Evans, 1969)

where Ps and Pn are the signal and noise power respectively,and n is the

number of times the measurement is repeated (i.e. the number of pulses),

T is the pulse length and B the receiver bandwidth. Ps depends on the

peak beam power (), the antenna effective area (A), the distance to the

scattering point (h), the pulse length (W), the electron cross-section (a),

the cable loss factor (1), electron and ion temperatures (Te, Ti), the

electron density (N)

p = AN a C T 12  (c=speed of light)
S 2

50 h (1 + Te/Ti)

The noise power depends on the receiver bandwidth (B) and 'noise'

temperature Tn

P = kT B (k =Boltzman's constant)
n n

where B is the pulse bandwidth (T ) or ion line bandwidth (Bi = 4/w8R--/7 i )

whichever is largest (X is radio wavelength, Mi ion mass, R the gas constant).

The best (lowest) values of SN/N we can obtain in a given time will

be achieved by using the maximum pulse repetition frequency and the longest

pulse length which is consistant with the available peak/mean power ratio.

This ratio is about 10 for EISCAT, and the p.r.f. is 1000 Hz, giving a

maximum pulse length of m, 100 vS. Using these values we can write

N- (1)

where 0 is a constant for any given measurement, at particular coordinates

in constant ionospheric conditions, T is the integration time (w n/p.r.f.)
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The EISCAT planning program (T. van Eyken, P. Williams) can be used to

calculate 8 for any given coordinates and likely ionospheric conditions.

This program gives the integration time necessary to achieve a 6N/N of

5%, say T5 . Equation (1) then gives

B " 5 TM (2)

b) The amplitude of electron density irregularities in the high latitude

F-region seems to be related to scale size by a power law

A(d) a (AN/N) x d/50RMS

where A(d) is the 'amplitude' of the irregularities with scale size d,

(ANIN)RMS is the RMS irregularity amplitude, for scale sizes 0. I - 100 km.

The integration time needed to make a measurement of electron density

accurate enough to detect an irregularity of this amplitude is, from (1)

T 216 8 2/( = 0 82/A(d) 22 N2

T = 502 2/(AN/N) 2 d2 (3)

Irregularities mal: occur as wave-like disturbances so that even if their

amplitude (A(d)) were less than the uncertainty in the electron density

measurements (6N/N) they might still be resolvable using, for example,

filtering to remove the (6N/N) 'noise'. In this case several 'cycles' of

irregularity are effectively stacked and the 'noise' reduced by a factor

/, where m is the number of cycles stacked. Equation (1) can be rewritten

16N) - m -s,,. (4)M-etacked

leading to a slightly different version of (3)

Tstacked - so2 82/(AN/N)j d (5)

where D/d has been substituted for m, D being the distance over which the

train of irregularity 'waves' has been measured.
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c) Spatial resolution in a latitude or longitude scan.

If the pattern of irregularities is stationary the smallest scale size

resolvable in a scan is twice the distance between the points at which

measurements are made. If the pattern drifts then the effective

distance between measurements is increased or decreased according to how

the pattern drifts between measurements

Aeffective = - vt

where AX is the actual distance moved, v the drift velocity in the + AX

direction, t the time between successive measurements. t can be written as

t - T + AX/S

where T is the time taken making the measurement, the integration time, and

AX/S the time taken to move to the next position, with S the antenna

slewing 'velocity' at the point where measurements are being made.

The spatial resolution as determed by the measurement spacing is

then given by:

d mnx= 2 AXeffectiv e = 2AX -2v(T + AX/S) (6)

The spatial resolution may be further limited by the spatial

filtering effects due to the antenna beam width, or averaging over the

distance the pattern drifts during a measurement. These give:

d min - b where b is the beam width (3.4 km at range 325 kin) (7)
mib

d W VT where v is the drift velocity, T the integration (8)
time

The shortest resolvable scale size in practice will be the largest of

these three.

d) Miunimum resolvable irregularity scale size.

The minimum resolvable irregularity scale size is found by simultaneous

solution of Equations (3) and (6), for the case of individual irregularities

and Equations (5) and (6) for wave-like irregularities (unless the
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filtering restrictions (7) and (8) imply a longer scale size). This

gives:

for individual irregularities to be resolvable:

222dmn(d kn-24X + 2v AXIS) - -2V 50282

(AN/N) 
2

RMS

and for wave-like irregularities:

dmi (dmi -2Ax + 2v AXIS) -- 2V 5o02

(ANN) 2D

RM 1
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Table 2a. Minimum resolvable irregularity scale sizes near 66.5°N (invariant)

Ax - Okm Ax = 1 km x - 2 km x - 4 km Ax - 8 km
At - O.Os At - O.ls At = 0.3s At - 0.5s At - l.ls

dmin T dmin T dmin T dmin T dmin T

v - 0.0 km/s - - 3.4 54 4.0 39 8.0 9.8 16 2.4

1.1 km/s 5.0 25 6.0 17 6.8 14 9.5 6.9 17 2.2

0.2 km/s 6.3 16 7.2 12 8.3 9.1 11 5.2 17 2.2

0.4 km/s 7.9 10 8.7 8.3 9.8 6.5 12 4.3 19 1.7

0.8 km/s 10 6.3 11 5.2 12 4.3 15 2.8 22 1.3

Electron density at 325 km: 3 x 101 m - 3, T5 %  i ls

Ax -O km Ax = 1 km Ax = 2 km Ax = 4 km Ax - 8 km
At - O.Os At = O.is At = 0.3s At = 0.5s At = l.ls
dmin  T d T d n  T dmin  T dmin  T

v= 0.0 km/s - - 3.4 5.4 4.0 3.9 8.0 1.0 16 0.2

0.1 km/s 3.4 5.4 3.6 4.8 5.1 2.4 8.3 0.9 16 0.2
0.2 km/s 3.4 5.4 3.9 4.1 5.4 2.1 8.5 0.9 16 0.2

0.4 km/s 3.7 4.6 4.5 3.1 5.8 1.9 9.1 0.8 17 0.2

0.8 km/s 4.6 3.0 5.6 2.1 6.8 1.4 10 0.6 18 0.2

Electron density at 325 kin: 4 x 1012 m 3 T= .s• 5%=Oi

Table 2b. Minimum resolvable irregularity scale sizes near 66.5 N (invariant)

Ax- -O km Ax = 1 km Ax - 2 km Ax = 4 km Ax - 8 km
At - O.Os At - 0.is At = 0.3s At - O.5s At = l.ls
dmin  T dmin  T dmin  T dmin  T dmin  T

v- 0.0km/s - - 3.4 1.8 4.0 1.6 8.0 0.8 16 0.4

0.1 km/s 3.4 1.8 3.4 1.8 4.4 1.5 8.2 0.8 16 0.4

0.2 km/s 3.4 1.8 3.4 1.8 4.6 1.4 8.6 0.8 17 0.3

0.4 km/s 3.4 1.8 3.5 1.8 5.2 1.2 9.0 0.7 17 0.3

0.8 km/s 3.4 1.8 4.4 1.5 6.0 1.0 9.8 0.7 18 0.3

Electron density at 325 km: 3 x lOll m "3, T5% - is

Ax - 0 km Ax- 1 km Ax - 2 km Ax - 4 km Ax- 8 km
At - 0.Os At - 0.1. At - 0.3s At - 0.5s At - 1.ls

dm n  T dmin T dmin T dmmn T dmin T

v a 0.0 km/s - - 3.4 .18 4.0 .16 8.0 .0 lS .04

0.1 km/s 3.4 .18 3.4 .18 4.1 .15 8.1 .08 16 .04

0.2 km/s 3.4 .18 3.4 .18 4.2 .15 8.2 .08 16 .04

0.4 km/s 3.4 .18 3.4 .18 4.4 .14 8.5 .07 17 .04

0.8 W/ 3.4 .18 3.4 .18 4.6 .13 8.9 .07 18 .03

Blectzon dnhity at 325 km: 4 x 1012 m- 3, TS% - 0.12 , '
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Tables 2a and 2b

Minimum resolvable irregularity scale size dmin (km) assuming a level of

irregularities (AN/N) RMS = 10% for (a) isolated irregularities, where the

minimum detectable 'amplitude' is determined by the uncertainty in measuringI.

the electron density and (b) wave-like irregularities, which can be

detected with an amplitude less than the uncertainty in electron density using

spectral analysis and/or filtering. In calculating the values in these tables

we have used a beam scan speed of 80°/min, a length of scan of 100 kn, starting

directly overhead at Tromsg$. Ax is distance between beam positions at 325 km

altitude, At is the time taken to move the beam through Ax, T is integration

time (secs), v is irregularity drift velocity, assumed anti-parallel to the

beam scanning direction. Points to the right of the solid line are those

where features could be identified on two successive scans.

i
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Table 3a Minimum resolvable irregularity scale sizes near 70°N or 630N (invariant)

Ax - 0 km Ax = 1 km Ax = 2 km Ax - 4 km Ax - 8 km
At - O.Os At - O.1s At = 0.2s At - 0.3s At - 0.7s

dMin T dmLn  T dmin T dmin T dmin T

v 0.O km/s - - 5.3 33 5.3 33 8.0 15 16 4

0.1 km/s 5.7 29 6.6 22 7.4 17 10 9 17 3

0.2 km/s 7.2 18 8.0 15 9 12 11 8 18 3

0.4 km/s 9.1 11 10 9 11 8 13 6 19 3

0.8 km/s 11 8 12 7 13 6 15 4 22 2

11 -3Electron density at 325 kin: 3 x 10 m- , T5 % - 1.5s

Ax- 0 km Ax = 1 km Ax- 2 km Ax = 4 km Ax = 8km
At - O.Os At = O.1s At - 0.2s At - 0.3s At - 0.7s

dmin T dmin T dmin T dmin T dmin T

v = 0.0 km/s - - 5.3 3.1 5.3 3.1 8.0 1.4 16 0.3

0.1 km/s 5.3 3.1 5.3 3.1 5.3 3.1 8.3 1.3 16 0.3

0.2 km/s 5.3 3.1 5.3 3.1 5.5 2.9 8.6 1.2 16 0.3

0.4 km/s 5.3 3.1 5.3 3.1 6.2 2.3 9.1 1.1 17 0.3

0.8 km/s 5.3 3.1 6.4 2.1 7.2 1.7 10 0.9 18 0.3

12 -3
Electron density at 325 kin: 4 x 10 m- , T5 %- .15s

Table 3b Minimum resolvable irrecularity scale sizes near 70°N or 630N (invariant)

Ax = Okm Ax - I km Ax = 2 km Ax - 4 km Lx - 8 km
At = O.Os At - O.ls At = 0.2s At = 0.3s At - 0.7s

dmi T dmi T dm T d mn T dmi T

v - 0.0 km/s - - 5.3 1.8 5.3 1.8 8.0 1.2 16 0.6

0.1 km/s 5.3 1.8 5.3 1.8 5.3 1.8 8.3 1.1 16 0.6

0.2 km/s 5.3 1.8 5.3 1.8 5.3 1.8 8.6 1.1 16 0.6

0.4 km/s 5.3 1.8 5.3 1.8 5.5 1.7 9.1 1.0 17 0.6

0.8 km/s 5.3 1.8 5.3 1.8 6.6 1.4 10 0.9 18 0.5
Electron density at 325 km. 3 x 10 m TS& - 1.5s

Ax- O km x - 1 km Ax - 2 km Ax - 4 km Ax - 8 km

At - O.Os At - 0.19 At - 0.2s At - 0.3s At = 0.7s

dm T d T I T dn T d T
nii mini mini miimiii

v 0.0 km/s - - 5.3 .18 5.3 .18 8.0 .12 16 .06

0.1 km/s 5.3 .18 5.3 .18 5.3 .18 8.1 .12 16 .06

0.2 km/s 5.3 .18 5.3 .18 5.3 .18 8.2 .11 16 .06

0.4 km/ 5.3 .18 5.3 .18 5.3 .18 8.3 .11 17 .06

0.8 km/s 5.3 .18 5.3 .18 5.3 .18 8.7 .11 17 .06
12 -3Electron density at 325 km. 4 x 10 m- 3 , T5 % .15s
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Tables 3a and 3b

Minimum resolvable irregularity scale size dmi n (km) assuming a level of

irregularities (AN/N)RM - 10% for (a) isolated irregularities, where the

minimum detectable 'amplitude' is determined by the uncertainty in

measuring the electron density and (b) wave-like irregularities, which can

be detected with an amplitude less than the uncertainty in electron density

using spectral analysis and/or filtering. In calculating the values in these

tables we have used a beam scan speed of 80°/min, a length of scan of 100 kin,

starting 3.50 north or south of Troms$. Ax is distance between beam positions

at 325 km altitude, At is the time taken to move the beam through Ax, T is

integration time (secs), v is irregularity drift velocity, assumed anti-

parallel to the beam scanning direction. Points to the right of the solid

line are those where features could be identified on two successive scans.

i '
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Table 4 Scanning seq-ence to study irregularities in high ambient

ionospheric electron density (4 x 10 1 2 m- 3 )

Starting at altitude 325 km, directly over TromsO.

Pointing position given in km N and km R of starting position

at 325 km altitude. Electron density measurements made at

300 km altitude, and 25 km intervals to 600 km altitude.

Pointing Sequence Measurement details

n km N km E measurement integration
start time time

1 0 0 Os 2.5s
2 2 0 2.8 s
3 4 0 5.6 s

n 2 (n-l) 0 2.8(n-l)s

50 98 0 140 s
51 100 0 142.8 s
52 98 0 145.6 s

n 2(102-n) 0 2.8(n-l)s

100 4 0 280 s
101 2 0 262.8 s
102 0 0 285.6 s
103 0 2 288.4 s
104 0 4 291.2 s

n 0 2(n-102) 2.8(n-l)s

151 0 98 422.8 s
152 0 100 425.6 s
153 0 98 428.4 s

n 0 2(203-n) 2.8(n-l)s

201 0 4 562.8 s
202 0 2 565.6 s
203 0 0 568.4 s 2.5s

.... Il
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Table 5 Scanning sequence to study irregularities in moderately high

ambient ionospheric electron density. (3 x 101 m-3

Starting point at altitude 325 km, directly over Troms$.

Pointing position given in km N and km E of starting point
at 325 km altitude. Electron density measurements made at

300 km altitude and 25 km intervals to 600 km altitude.

Pointing Sequence Measurement details

n km N km E measurement integration
start time time

1 0 0 Os 1.8s
2 1 0 2s
3 2 0 4s

n l(n-l) 0 2(n-l) s

100 99 0 198 s
101 100 0 200 s
102 99 0 204 s

n 1(202-n) 0 2(n-l) s

200 2 0 398 s
201 1 0 400 s
202 0 0 402 s203 0 1 404 s
204 0 2 406 s

n 0 l(n-202) 2(n-l) s

301 0 99 600 s
302 0 100 602 s
303 0 99 604 s

n 0 1(403-n) 2(n-l) s

401 0 2 800 s
402 0 1 802 s
403 0 0 804 s
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ION DRIFT Un/sec) MILLSTONE tILL. 14-15 MAY. 1978 ION DRIFT trn/%*C) MILLSTONE HILL 12-13 JIULY, 1978

I12

50O5

40O6

I7

90~~ ... .

is. 6

4111:

000 60

Ce~~~~ ~ ~ a 5 .o Uaat 0 04 W 10 a U is j a

LOCAL TIME (ES?) LOCAL. TOM (EST)

Fig. 6. Drift pattern of Fregonplas Oberved on MAY 14-15, Fig. 8. Drift pattern ofFregonplaia observed on July 12-13,
1978. over 60* s A s 75* from Millstone Hill Venus geographic local 1978, over 60* s A s 75* from Millstone Hill Venus geographic local
time.. Also given is the Kp index and the change in the hourly values tim. Also given is the Ep index and the change in the hourly values
of Dst. of Dst.
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Fig. 7. Drift pettern of J region plasma oberved op July 9-10. Fill.9. Drift pattern of F region plasmas observed on August 12-
1978. over600sAs 7? frm Millson Hill velmeographic local 13. 1978. ver60 s A s75 from MillsoneHillvenus geogaphic

times. Also given is the Xp index an d theange in the hourly Valuvo local tim. Am given is the Kp iadex And the change in the hourly
of Dar. values of DA

Figure 1 from Evans et al. 19808
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